Introduction
============

Clinically, accidental trauma or periodontal diseases may result in destruction of the periodontal structure, which includes hard tissues (alveolar bone and root cementum) and soft tissue (periodontal ligament). Besides, the high prevalence of alveolar fenestrations and dehiscences were found in skull studies.[@b1-ijn-10-7031],[@b2-ijn-10-7031] Loss of periodontal support tissue will lead to loosening of the teeth and affect oral function, while conventional periodontal surgical approaches such as root surface conditioning or guided tissue regeneration result in limited new bone, cementum, and periodontal ligament formation. Moreover, the formation of new bone and cementum with supportive periodontal ligament is the ultimate objective for periodontal tissue regeneration, but current regeneration therapies are incapable of achieving this in a predictable way.[@b3-ijn-10-7031],[@b4-ijn-10-7031]

Periodontal ligament derived stem cells (PDLSCs) have been shown to possess multidifferentiation potential and exhibit an immune phenotype similar to bone marrow derived mesenchymal stem cells (BMSCs). More importantly, in addition to the ability to differentiate into osteoblast-like cells and adipocytes, PDLSCs can also specifically differentiate into periodontal cells, such as cementoblast-like cells and collagen forming cells in vitro, and they possess the capacity to generate a cementum/PDL-like structure when they were transplanted into nude mouse and preclinical periodontal defect models.[@b5-ijn-10-7031]--[@b12-ijn-10-7031] Conventional hydroxyapatite (Ca~10~(PO~4~)~6~(OH)~2~, HA) bioceramics had been used in periodontal bone tissue repair for their chemical similarity to bone mineral and their excellent biological activity and osteoconductivity.[@b13-ijn-10-7031] However, it is reported that HA bioceramics lack osteoinductive ability, and consequently possess limited ability to form an interface with new bone tissue and hence hamper the new bone formation. Moreover, there was no study reporting that HA bioceramics possess the ability to stimulate osteogenic/cementogenic differentiation of PDLSCs.[@b14-ijn-10-7031]

Most studies showed that the surface topography on biomaterial scaffolds played an important role in regulating cell behaviors such as adhesion, proliferation, differentiation, cytoskeletal organization, apoptosis, and gene expression.[@b15-ijn-10-7031]--[@b17-ijn-10-7031] More importantly, our previous studies have reported that HA bioceramics with nanosheet, nanorod, and micro-nano-hybrid (the hybrid of nanorod and microrod) surfaces could be fabricated by hydrothermal reaction of the α-tricalcium phosphate (α-Ca~3~(PO~4~)~2~, α-TCP) precursors in different aqueous solutions. In vitro studies showed that the nano-structured HA bioceramics could stimulate cell adhesion, proliferation, and osteogenic differentiation of BMSCs and adipose-derived stem cells (ASCs), while the mnHA achieved the best stimulatory effect.[@b18-ijn-10-7031]--[@b20-ijn-10-7031] However, whether the HA bioceramics with mnHA could have an enhanced effect on osteogenic and cementogenic differentiation of PDLSCs is largely unknown.

Wnt signaling pathway is a complex protein network that regulates different processes related to cell growth, differentiation, function, and apoptosis during embryonic development, tumorigenesis, and normal physiological process of adults. Recent studies have reported that canonical Wnt signaling pathway plays an important role in skeletal development and homeostasis.[@b21-ijn-10-7031],[@b22-ijn-10-7031] It has been demonstrated that canonical Wnt signaling modulates most aspects of osteoblast physiology including proliferation, differentiation, bone matrix formation, and apoptosis as well as osteoclast physiology and bone resorption.[@b23-ijn-10-7031] Furthermore, activation of the canonical Wnt signaling cannot only lead to the differentiation of periodontal ligament cells (PDLCs) into osteogenic lineage along with the stimulation of osteogenic gene, but also induce cementogenic differentiation of PDLCs in vitro and in vivo.[@b24-ijn-10-7031],[@b25-ijn-10-7031] Moreover, recent studies reported that the ionic products and surface topography of bioactive materials could promote osteoblast differentiation of human MSCs via activation of canonical Wnt signaling pathway.[@b14-ijn-10-7031],[@b26-ijn-10-7031]--[@b28-ijn-10-7031] But whether the canonical Wnt signaling pathway is responsible for the osteogenic and cementogenic effect of mnHAs on human periodontal ligament derived stem cells (hPDLSCs) has not been reported previously and needs to be verified.

In this study, it is hypothesized that the HA bioceramics with mnHA may induce osteogenic and cementogenic differentiation of hPDLSCs via activation of canonical Wnt signaling pathway. Therefore, HA bioceramics with mnHA were fabricated via hydrothermal transformation method using α-TCP ceramics as precursors, and the effects of mnHA on attachment, proliferation, and osteogenic differentiation of hPDLSCs as well as the related mechanisms were systematically investigated. Furthermore, the key genes of canonical Wnt signaling pathway and the effect of Wnt signaling pathway inhibitor dickkopf1 (Dkk1) on hPDLSCs seeded on mnHA were explored in vitro.

Materials and methods
=====================

Preparation and characterization of the mnHA
--------------------------------------------

In the present study, the HA bioceramics with mnHA (the hybrid of nanorods and microrods) were fabricated via hydrothermal transformation method as described in our previous studies.[@b19-ijn-10-7031],[@b29-ijn-10-7031] Briefly, the α-TCP ceramics with diameter of 10 mm and height of 3 mm were dry-pressed using α-TCP powders and then sintered at 1,350°C for 5 hours. The obtained α-TCP ceramics were used as the precursors. Then the mnHAs of HA bioceramics were obtained through hydrothermal treatment of the α-TCP ceramic precursors in aqueous water at 180°C for 24 hours. After hydrothermal reaction, the obtained samples, labeled as mnHA, were washed in deionized water several times. HA bioceramics with traditional flat and dense surface were fabricated by dry-pressing the HA powders into pellets with diameter of 10 mm and height of 3 mm. Then the pellets were sintered at 1,100°C for 3 hours, and the obtained ceramic samples were used as control group. The surface morphology of the samples of the HA bioceramics was observed by scanning electron microscopy (SEM; JEOL, Tokyo, Japan).

The isolation, cultivation, and identification of hPDLSCs
---------------------------------------------------------

PDLCs were obtained from healthy premolars that had been extracted due to orthodontic demands. Written informed consent was obtained from all the patients, and the study was approved by the Ethics Committee of Ninth People's Hospital Affiliated to Shanghai Jiao Tong University. Briefly, the periodontal ligament tissues, which were scraped from the middle third of the root surfaces, were minced into 1 mm cubes before being placed in 100 mm-diameter culture dishes. The tissues were incubated in alpha-minimum essential medium (α-MEM; Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Waltham, MA, USA) and 1% penicillin--streptomycin (Gibco) at 37°C in a humidified atmosphere of 5% CO~2~ and 95% humidity. To obtain STRO-1^+^ PDLSCs, human PDLCs were indirectly sorted using immune-magnetic beads (Miltenyi Biotec, Cologne, Germany) according to the manufacturer's protocol as previously described.[@b30-ijn-10-7031],[@b31-ijn-10-7031] Approximately 6% of PDLCs can be harvested by STRO-1-mediated magnetic-activated cell sorting method, and these were named PDLSCs.

Chamber slide cultures of hPDLSCs at passage 4 were fixed with 4% paraformaldehyde for 30 minutes and then washed with phosphate-buffered saline (PBS) three times. Then the cultures were treated with PBS/0.1% Triton X-100 to permeabilize the cell membrane for 15 minutes followed by blocking with 1% bovine serum albumin for 20 minutes and were then incubated with primary antibody (mouse anti-human S100, CK, Vimentin, STRO-1; Santa Cruz Biotechnology, Santa Cruz, CA, USA) in blocking solution overnight at 4°C. After being washed, the secondary goat anti-mouse antibodies (Santa Cruz Biotechnology) were added in blocking solution for 2 hours followed by adding phalloidin--tetramethylrhodamine B isothiocyanate (TRITC; Sigma-Aldrich, St Louis, MO, USA) for 45 minutes and 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-Aldrich) for 5 minutes in the dark. Finally, the cells were detected by confocal laser scanning microscope (CLSM; Leica, Wetzlar, Germany) to observe the expression of S100, CK, Vimentin, STRO-1. Moreover, to identify the MSC phenotypic characterization of hPDLSCs, 5×10^5^ cells at passage 4 were digested to form single-cell suspensions. Conjugated monoclonal antibodies for human CD29, CD44, CD45, CD90, and CD146 (eBioscience, San Diego, CA, USA) labeled with fluorescein isothiocyanate were then added directly to the suspensions for 45 minutes in the dark. After being washed twice in PBS, the cells were analyzed by FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA).

Adhesion and morphological feature of hPDLSCs cultured on HA bioceramics
------------------------------------------------------------------------

The mnHA and HA samples were immersed in α-MEM overnight after sterilization. Then, the bioceramics were seeded with 1 mL cell suspension containing 2×10^4^ cells each well in 24-well plates, and the plates were maintained at 37°C in 5% CO~2~ at 95% humidity. After 6 hours, the samples were collected for SEM observation and CLSM observation. As for SEM observation, the samples of cell/ceramic constructs were fixed with 2.5% glutaraldehyde overnight at 4°C. They were then dehydrated in a graded ethanol series and dried in tetramethylsilane. Finally, the samples were sputtered with gold and then were observed by SEM. As for CLSM observation, the samples were fixed, blocked, and permeabilized as described earlier. Then, the cytoskeletons were labeled by TRITC for 45 minutes followed by labeling the nuclei by DAPI for 5 minutes in the dark. Finally, the samples were observed by CLSM.

MTT assay for cell proliferation
--------------------------------

The hPDLSCs of passage 4 were cultured on HA and mnHA samples for 1, 4, and 7 days, respectively. The three pieces of cell/ceramic constructs in each group were assessed for the cell vitality by 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) assay as previously reported.[@b18-ijn-10-7031] Then 400 μL α-MEM supple mented with 40 μL of 5 mg/mL MTT solution was added into each well followed by sample incubation at 37°C to allow formazan formation. Four hours later, the solution with MTT was discarded and replaced by 400 μL dimethyl sulfoxide (DMSO, Sigma-Aldrich) to dissolve the formazan crystals. The optical density was measured at 490 nm on the Multi-Detection Microplate Reader (Bio-tek, Winooski, VT, USA). In the meantime, an additional standard curve for MTT assay was performed. As previously reported, the cells were seeded in 96-well plates with different densities of 5×10^3^, 1×10^4^, 1.5×10^4^, 2×10^4^, and 2.5×10^4^ cell/well and cultured in α-MEM, and then the cell number was quantified by a cell standard curve.[@b32-ijn-10-7031] All experiments were conducted in triplicate.

Alkaline phosphatase activity assay
-----------------------------------

Alkaline phosphatase (ALP) staining was performed using ALP staining kit (JianCheng Bioengineering, Nanjing, People's Republic of China) at day 10 after hPDLSCs were seeded on HA and mnHA samples, respectively. Moreover, ALP activity quantitative assay was performed using ALP assay kit (JianCheng) at days 4 and 7 after cell seeding. Briefly, the samples were rinsed with PBS three times to remove the medium. The hPDLSCs in each sample were lysed in 100 μL Ripa Lysis Buffer (Beyotime, Nantong, People's Republic of China) and the lysates were centrifuged at 12,000 rpm for 10 minutes at 4°C. The supernatant and reagent were added to a 96-well plate according to the manufacturer's instruction, followed by incubation at 37°C for 15 minutes and was measured at 520 nm using microplate reader. The total protein content was measured by the bicinchoninic acid protein assay kit (Thermo Scientific, Melbourne, VIC, Australia), read at 562 nm and calculated according to a series of albumin standards. Finally, the relative ALP activity was normalized to the total protein content at the end of the experiment. All experiments were conducted in triplicate.

Quantitative real-time polymerase chain reaction (PCR)
------------------------------------------------------

To evaluate the osteogenic and cementogenic gene expression, such as runt-related transcription factor 2 (Runx2), ALP, osteocalcin (OCN), cementum attachment protein (CAP), and cementum protein (CEMP) and Wnt signaling pathway-related gene expression, such as low-density lipoprotein receptor-related protein 5 (LRP5) and β-catenin, total RNA was isolated from hPDLSCs cultured on HA and mnHA samples at days 1, 4, and 7, respectively. Total RNA was extracted by Trizol reagent (Invitrogen, Waltham, MA, USA), and then, purified RNA was used to synthesize complementary DNA (cDNA) with the PrimeScript 1st Strand cDNA Synthesis kit (Takara, Tokyo, Japan) according to the manufacturer's instructions. Real-time PCR analysis was performed using the SYBR Green PCR kit (Takara) on the Bio-Rad real-time PCR system (Bio-Rad, Hercules, CA, USA) to evaluate the gene markers, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene. The primers are listed in [Table 1](#t1-ijn-10-7031){ref-type="table"}. All experiments were conducted in triplicate.

Dkk1 treatment
--------------

The hPDLSCs seeded on mnHA samples were cultured in medium supplemented with the soluble Wnt inhibitor human recombinant Dkk1 (100 ng/mL; PeproTech, Rocky Hill, NJ, USA). After being cultured for 7 days, ALP staining was performed as described previously. Total RNA was extracted and synthesized to cDNA, while real-time PCR was performed to analyze the gene expression of *β-catenin*, *LRP5*, *ALP*, *Runx2*, *CAP*, *CEMP*, and *OCN* according to the methods already mentioned. The cells seeded on mnHA bioceramics without Wnt signaling inhibitor were considered as the control group. All experiments were conducted in triplicate.

Statistical analysis
--------------------

The results were presented as mean ± standard deviation of at least three replicates for each experiment. All data were analyzed by two-tailed unpaired Student's *t*-test or one way analysis of variance using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). A value of *P*\<0.05 was considered to be statistically significant.

Results
=======

Characteristics of hPDLSCs
--------------------------

To assess stem-cell-like characteristics of the cells isolated from human periodontal ligament, we identified stem cell markers by immune-cytochemical staining and fluorescence-activated cell sorting (FACS) analysis. As shown in [Figure 1A](#f1-ijn-10-7031){ref-type="fig"}, immunocytochemical staining showed that the hPDLSCs expressed the mesenchymal cell marker Vimentin, neurocyte marker S-100 as well as the stem cell marker STRO-1. In contrast, cytokeratin was absent in hPDLSCs. The FACS analysis showed that the cells expressed markers of MSCs such as CD29, CD44, CD90, and was negative for hematopoietic stem cell marker such as CD45 ([Figure 1B](#f1-ijn-10-7031){ref-type="fig"}). It is also observed that 32.9% hPDLSCs expressed the cell surface antigen CD146, which is present on endothelial and smooth muscle cells.

Characterization of HA bioceramics with mnHA
--------------------------------------------

The surface morphology of the control HA bioceramic was fully flat and dense, and the average granule size was 0.9 μm ([Figure 2A](#f2-ijn-10-7031){ref-type="fig"}). The HA bioceramics hydrothermally transformed from α-TCP ceramic precursors fabricated in CaCl~2~ solution exhibited hybrid of nanorods and microrods ([Figure 2B](#f2-ijn-10-7031){ref-type="fig"}). The diameter of the nanorods was approximately 80--120 nm, while the diameter of the microrods was approximately 1--4 μm. The length of the hybrid rods was in the range of 10--20 μm. The X-ray powder diffraction results indicated that the bioceramics could be identified as pure HA phase, and also suggested that the α-TCP precursors were completely converted to HA without forming any other intermediate compounds such as CaHPO~4~⋅2H~2~O (dicalcium phosphate dihydrate) and Ca~8~(HPO~4~)~2~(PO~4~)~4~·5H~2~O (octacalcium phosphate). The shape of sharp diffraction peaks indicated that the HA bioceramics were fairly well crystallized ([Figure 2C](#f2-ijn-10-7031){ref-type="fig"}).

Cell attachment assay
---------------------

The morphology and distribution of hPDLSCs after 6 hours of culture on the bioceramics were observed by CLSM. Actin filaments were stained red by phalloidin. From [Figure 3A](#f3-ijn-10-7031){ref-type="fig"}, it can be observed that the hPDLSCs attached on the control HA demonstrated round and small configuration, while the cells attached on mnHA showed large and fibroblast-like appearance ([Figure 3B](#f3-ijn-10-7031){ref-type="fig"}). Compared to the control HA sample, the cells spread on mnHA exhibited good adhesion, with more apparent cytoplasmic extension and more extended cytoplasmic processes. On the other hand, it can be observed that actin filaments of the cells adhering on mnHA were arranged regularly and parallel to the long axis of the cells, while the actin cytoskeleton formation on control HA was distributed irregularly.

Moreover, SEM imaging was further applied to illustrate the effect of surface topography on cell adhesion at 6 hours after cell seeding, As shown in [Figure 4A and B](#f4-ijn-10-7031){ref-type="fig"}, hPDLSCs adhered on mnHA grew and spread better than the cells cultured on control HA, which appeared as a small and round morphology.

Cell proliferation
------------------

MTT assay was used to assess the proliferation of hPDLSCs after being cultured on HA and mnHA for 1, 4, and 7 days, respectively. The results showed that after being incubated for 1, 4, and 7 days, the number of cells cultured on mnHA was significantly higher than that of the cells cultured on control HA (*P*\<0.05) ([Figure 5](#f5-ijn-10-7031){ref-type="fig"}). These results demonstrated that the mnHA topography could stimulate the proliferation of hPDLSCs.

ALP activity assay
------------------

As shown in [Figure 6A and B](#f6-ijn-10-7031){ref-type="fig"}, ALP staining showed that the cells seeded on mnHA bioceramics stained more darkly and extensively than the control HA bioceramics at day 10. Besides, ALP activity of the cells seeded on mnHA was significantly higher than that of the cells cultured on the control HA at days 4 and 7 (*P*\<0.05) ([Figure 6C](#f6-ijn-10-7031){ref-type="fig"}).

Quantitative real-time PCR assay
--------------------------------

Moreover, in order to identify the differentiating effects of the surface topography on HA bioceramics, osteogenic-/cementogenic-related genes were analyzed by real-time PCR. After being cultured for 1 day, the gene expression of *Runx2* was significantly increased on mnHA bioceramics than that on control HA bioceramics, and decreased as the time extended, while the expression of other osteogenic gene such as *ALP*, *CEMP*, and *CAP* was enhanced after 4 days culture. When culture time was extended to 7 days, the gene expressions of *Runx2*, *ALP*, *OCN*, *CAP*, and *CEMP* on mnHA bioceramics was dramatically higher than those on the control HA bioceramics (*P*\<0.05) ([Figure 7A--E](#f7-ijn-10-7031){ref-type="fig"}). As shown in [Figure 7F and G](#f7-ijn-10-7031){ref-type="fig"}, the gene expression of *LRP5* and *β-catenin*, which were the specific markers of canonical Wnt signaling, was examined by real-time PCR after hPDLSCs were cultured on control HA and mnHA bioceramics for 1, 4, and 7 days, respectively. The result showed that the expression of LRP5 and β-catenin of mnHA group was significantly higher than that of control HA group at day 1, and the levels of LRP5 and β-catenin of mnHA group were dramatically higher than that of the control HA group as the time extended. Especially, the gene levels of *LRP5* and *β-catenin* for hPDLSCs cultured on mnHA bioceramics were approximately 6.4--5.7-fold higher than those on the control HA group at day 7, respectively.

Dkk1 treatment assay
--------------------

Furthermore, to clarify the mechanism of whether the Wnt signaling pathway took part in the osteogenic/cementogenic differentiation of hPDLSCs cultured on mnHA bioceram-ics, exogenous Dkk1 (Wnt/β-catenin inhibitor) was applied to treat the hPDLSCs cultured on mnHA bioceramics. The results showed that exogenous Dkk1 obviously decreases the gene expression of *LRP5* and *β-catenin* after 7 days of culture ([Figure 8A](#f8-ijn-10-7031){ref-type="fig"}). Moreover, ALP activity ([Figure 8B and C](#f8-ijn-10-7031){ref-type="fig"}) and the gene expression of *Runx2*, *ALP*, *OCN*, *CAP*, and *CEMP* were significantly attenuated by the application of Dkk1 at day 7 ([Figure 8C](#f8-ijn-10-7031){ref-type="fig"}).

Discussion
==========

Regeneration of the lost periodontium is a challenge in those both hard (alveolar bone, cementum) and soft (periodontal ligament) connective tissues, which need to be restored to their original architecture. PDLSCs possess multidifferentiation potential and exhibit an immunopheno-type similar to BMSCs.[@b7-ijn-10-7031] In this study, the characterization of hPDLSCs has been verified by analyzing their expression profile for various stem cell markers. Our results showed that hPDLSCs positively expressed MSC markers, including CD29, CD44, CD90, CD146, and STRO-1, but were negative for hematopoietic lineage marker, including CD45, which is consistent with the previous report.[@b33-ijn-10-7031] Moreover, we observed that 32.9% hPDLSCs expressed CD146, which can be taken to interpret that PDLSCs located in the perivascular wall of periodontal ligaments and express pericyte-specific markers CD146.[@b34-ijn-10-7031] MSCs derived from some other tissues (bone marrow, skin, liver, lung) also express CD146.[@b35-ijn-10-7031] More importantly, PDLSCs exhibited the abilities to form bone/cementum-like mineralized tissue and ligament structures similar to Sharpey's fibers with an associated vasculature.[@b8-ijn-10-7031] Traditional HA bioceramics, which possess good osteoconductivity and bioactivity, have been reported to combine with human periosteum-derived cells, acting as an osteogenic bone substitute for periodontal regenerative therapy.[@b36-ijn-10-7031] However, traditional HA bioceramics lack the osteoinductive ability to induce osteogenic differentiation of stem cells and stimulate periodontal tissue regeneration, including bone and cementum.[@b37-ijn-10-7031] Therefore, there is a requirement for modification of HA bioceramics to enhance their biological activity.

Recent studies have indicated that the stem cell fate decision is strongly correlated to the biomaterial surface topography in tissue engineering and regenerative medicine.[@b38-ijn-10-7031] It is reported that topographic features of material surface play an important role in adhesion, proliferation, differentiation, and mineralization of stem cells.[@b39-ijn-10-7031] It has been reported that the hybrid micro/nanoscale texture formed on the titanium surface could enhance the initial adhesion activity and osteogenic differentiation of BMSCs and MG63 cells in vitro[@b40-ijn-10-7031],[@b41-ijn-10-7031] and promote bone formation in vivo.[@b42-ijn-10-7031] In our previous studies, HA bioceramics with nanorod, nanosheet, and micro-nano-hybrid (the hybrid of nanorods and microrods) surfaces have been found to stimulate osteogenic differentiation of BMSCs and ASCs, while the mnHA possessed the best stimulation activity.[@b18-ijn-10-7031],[@b20-ijn-10-7031] However, whether the micro/nano-structured HA bioceramics could promote PDLSCs differentiation into periodontal tissue was not known. In this study, we aimed at investigating the effects of HA bioceramics with mnHA on viability and osteogenic and cementogenic differentiation of hPDLSCs, which might estimate the possibility of micro/nano-structured HA bio-ceramics for periodontal tissue regeneration. The results of CLSM and SEM assays showed that hPDLSCs were found to attach better on mnHA bioceramics as compared with control HA bioceramics with flat and dense surface. Attributed to three-dimensional (3D) structure of mnHA surface, the contact area between cell and bioceramic surface was increased and the extension of the pseudopods of hPDLSCs into the 3D nanostructures resulted in much more extended shape, which is consistent with our previous studies.[@b19-ijn-10-7031] A previous study has shown better cell attachment, and the spreading could enhance cellular functions including proliferation, migration, and extracellular matrix production.[@b19-ijn-10-7031] In the present study, the result of MTT assay also showed that the micro-nano-hybrid topography could promote the proliferation of hPDLSCs.

ALP activity represents the early stage of osteoblast differentiation, which could regulate the degradation of inorganic pyrophosphate to provide sufficient local concentration of phosphate for mineralization.[@b17-ijn-10-7031],[@b19-ijn-10-7031] After being cultured for 4 days, ALP activity in PDLSCs seeded on HA bioceramics with mnHA was significantly higher than that in the control sample. Moreover, ALP activity in the two groups peaked after 7 days, and a more significant difference appeared between the two groups. Real-time PCR analysis of osteogenic and cementogenic gene expression further demonstrated that the surface microenvironment of bioceramics could regulate osteogenic differentiation of the cells. The gene expression of *Runx2*, *ALP*, and *OCN* was slightly upregulated on HA bioceramics with mnHA at day 4 and significantly enhanced at day 7, while little change was found in the control group. Considering the differences between the two groups, it could be suggested that surface topography may be the preliminary factor enhancing the osteogenic differentiation of hPDLSCs. These results are similar to our previous studies regarding to BMSCs and ASCs.[@b18-ijn-10-7031],[@b20-ijn-10-7031] In addition to upregulation of osteogenic-related genes, we also found that the cementum-specific markers, including CAP and CEMP, were enhanced in this study. The CAP has been shown to play an essential role in cell recruitment and differentiation during cementum formation, and periodontal cells that strongly bind to CAP are able to form cemented-like mineralized tissue in culture.[@b43-ijn-10-7031] CEMP is specifically expressed in mature cementum matrix of adult periodontium and cementoblasts,[@b40-ijn-10-7031] and it plays a key role in the local metabolism and as a differentiation regulator in PDL cells.[@b44-ijn-10-7031] The high expression levels of CAP and CEMP for hPDLSCs seeded on HA bioceramics with mnHA suggest that mnHA modification of HA bioceramics may be a promising strategy for enhancing cementogenic differentiation of hPDLSCs and promoting the regeneration of the periodontal tissue.

Our previous study demonstrated that HA bioceramics with mnHA could enhance osteogenic differentiation of BMSCs via activation of ERK and p38 signaling pathways,[@b20-ijn-10-7031] and Akt signaling pathway plays an important role in the effect of mnHAs on ASCs.[@b18-ijn-10-7031] Whether there are any other signaling pathways involved in the effect of mnHA topography is unknown. The canonical Wnt signaling pathway is known to be crucial for skeletal development and homeostasis[@b45-ijn-10-7031],[@b46-ijn-10-7031] and also plays an important role in bone formation and regeneration.[@b47-ijn-10-7031],[@b48-ijn-10-7031] When Wnt pathway is not activated, LRP and FZD are bound to Wnt and the cytosolic protein β-catenin is phosphorylated by the heterotetrameric "destruction complex", which consists of the Axin, APC, CK1, and GSK3. In response to activation of canonical Wnt signaling pathway, binding of DSH to the cytoplasmic tail of FZD results in recruitment of Axin from the destruction complex and FRAT1, followed by phosphorylation of LRP. As a consequence, nonphosphorylated β-catenin from the destruction complex and FRAT1 translocate into the nucleus to react with TCF/LEF transcription factors and regulate downstream genes, including those involved in bone formation, such as *Runx2*, *Col-1*, and *OPN* is induced.[@b49-ijn-10-7031] It has been reported that Wnt/β-catenin signaling pathway mediates the biological effects of the microstructured titanium surface,[@b50-ijn-10-7031],[@b51-ijn-10-7031] while the accumulated data suggests that activation of Wnt signaling is required for regeneration of periodontal tissues such as cementum, periodontal ligament, and alveolar bone.[@b25-ijn-10-7031],[@b52-ijn-10-7031] Also, it has been reported that temporospatial regulation of Wnt/β-catenin signaling plays an important role in cell differentiation and matrix formation during root and cementum formation.[@b53-ijn-10-7031] A recent study also showed that the activation of the canonical Wnt signaling pathway can induce in vivo cementum regeneration and in vitro cementogenic differentiation of hPDLSCs.[@b24-ijn-10-7031] In this study, the result of real-time PCR assay showed that the expression of canonical Wnt/β-catenin signaling-related genes such as *LRP5* and *β-catenin* of hPDLSCs on mnHA was significantly higher than that in the control group after being cultured for 1, 4, and 7 days. β-Catenin is the key factor of the canonical Wnt signaling pathway and plays an important role in cell proliferation and differentiation processes.[@b54-ijn-10-7031] The *LRP5* gene is known as a coreceptor of Wnt and plays an important role in the development and maintenance of several tissues. *LRP5* could help regulate bone mineral density, and loss of this gene results in reduced skeletal strength, while gain of function results in higher bone mass.[@b55-ijn-10-7031],[@b56-ijn-10-7031] The higher expression level of LRP5 and β-catenin for hPDLSCs cultured on HA bioceramics with mnHA indicates that the Wnt/β-catenin pathway is activated and consequently regulates osteogenic and cementogenic differentiation of hPDLSCs. To further verify the role of the Wnt signaling pathway in osteogenic and cementogenic differentiation of hPDLSCs by mnHA, Wnt antagonist Dkk1 was applied to block the canonical Wnt signaling pathway. Dkk1, a secreted inhibitor of the Wnt/β-catenin pathway, is a negative regulator of bone formation.[@b57-ijn-10-7031] A previous study[@b25-ijn-10-7031] found that blockage of canonical Wnt signaling by treating PDLCs with Dkk1 could inhibit Wnt-stimulated mRNA expression of Runx2, Msx2, and Osterix2, and the Wnt-enhanced ALP activity and matrix mineralization could be reduced by Dkk1 treatment.[@b25-ijn-10-7031] The results showed that Dkk1 not only inhibited the expression of Wnt/β-catenin signaling-related genes (*LRP5* and *β-catenin*), but also reduced the ALP activity and the expression of osteogenic genes (*Runx2*, *ALP*, *OCN*) and cementogenic genes (*CAP* and *CEMP*), which are consistent with the previous reports. These results further confirmed that canonical Wnt/β-catenin signaling pathway was involved in the osteogenic/cementogenic differentiation of hPDLSC on mnHA group. Our data suggests that the canonical Wnt signaling plays an important role in the stimulatory effect of mnHA on hPDLSCs. However, the presence and function of Wnt-osteogenic/cementogenic pathway axis should be systematically evaluated in our future study. The future studies will be focused on the study of the effect of 3D macroporous HA scaffolds with micro-nano-hybrid structured surface on periodontal tissue repair in vivo.

Conclusion
==========

Present study revealed that HA bioceramics with mnHA significantly enhanced the cell attachment, spreading, proliferation, and ALP activity of hPDLSCs. Moreover, the mnHA could not only enhance osteogenic but also cementogenic differentiation of hPDLSCs. Importantly, Wnt/β-catenin signaling pathway was involved in this process. It is suggested that HA bioceramics with mnHA may be promising grafting materials for periodontal tissue repair. However, further in vivo studies are required to confirm the periodontal regenerative effects.
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![Phenotypical characterization of hPDLSCs.\
**Notes:** (**A**) Immunofluorescence staining of hPDLSCs for different markers. Cultured hPDLSCs exhibited positive staining for Vimentin (**A1**), S-100 (**A2**), STRO-1 (**A3**), and exhibited negative staining for CK (**A4**). The antibodies were stained green, the cytoskeletons were stained red, and the nuclei were stained blue. (**B**) The hPDLSCs were positive to CD29, CD44, CD90, and CD146 and negative to CD45. (**A**) Scale bar =100 μm.\
**Abbreviations:** hPDLSC, human periodontal ligament derived stem cell; CK, cytokeratin; C, counts.](ijn-10-7031Fig1){#f1-ijn-10-7031}

![Material characterization.\
**Notes:** (**A**, **B**) SEM images of samples HA (**A**) and mnHA (**B**). (**C**) XRD patterns of samples HA and mnHA. (**A**) Scale bar =1 μm; (**B**) Scale bar =10 μm.\
**Abbreviations:** SEM, scanning electron microscopy; HA, hydroxyapatite; mnHA, micro-nano-hybrid surface; XRD, X-ray powder diffraction.](ijn-10-7031Fig2){#f2-ijn-10-7031}

![CLSM images of hPDLSCs adhesion on HA (**A1**--**A3**) and mnHA (**B1**--**B3**) at 6 hours after seeding.\
**Notes:** The actin filament was stained red by phalloidin (**A1**, **B1**) while the cell nuclei were stained blue by DAPI (**A2**, **B2**). (**A3**, **B3**) were the merge of (**A1**, **A2**) and (**B1**, **B2**) respectively. Scale bar =25 μm.\
**Abbreviations:** CLSM, confocal laser scanning microscope; hPDLSC, human periodontal ligament derived stem cell; HA, hydroxyapatite; mnHA, micro-nano-hybrid surface; DAPI, 4′,6-diamidino-2-phenylindole dihydrochloride.](ijn-10-7031Fig3){#f3-ijn-10-7031}

![SEM images of hPDLSCs on HA (**A**) and mnHA (**B**) after 6 hours of seeding.\
**Note:** Scale bar =10 μm.\
**Abbreviations:** SEM, scanning electron microscopy; hPDLSC, human periodontal ligament derived stem cell; HA, hydroxyapatite; mnHA, micro-nano-hybrid surface.](ijn-10-7031Fig4){#f4-ijn-10-7031}

![MTT assay of hPDLSCs cultured on HA and mnHA for 1, 4, and 7 days. **Note:** \**P*\<0.05.\
**Abbreviations:** hPDLSC, human periodontal ligament derived stem cell; HA, hydroxyapatite; mnHA, micro-nano-hybrid surface; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.](ijn-10-7031Fig5){#f5-ijn-10-7031}

![ALP activity assay.\
**Notes:** (**A**, **B**) ALP staining of hPDLSCs cultured on control HA (**A**) and mnHA (**B**) for 7 days. The circular insets show ALP staining of the whole disks; and the magnification of **A** and **B** is 10. (**C**) ALP activity quantitative analysis of hPDLSCs cultured on control HA and mnHA for 4 and 7 days. \**P*\<0.05.\
**Abbreviations:** ALP, alkaline phosphatase; hPDLSC, human periodontal ligament derived stem cell; HA, hydroxyapatite; mnHA, micro-nano-hybrid surface; pNP, p-nitrophenol.](ijn-10-7031Fig6){#f6-ijn-10-7031}

![The expression of osteogenic/cementogenic and Wnt signaling-related genes of hPDLSCs cultured on control HA and mnHA bioceramics for 1, 4, and 7 days.\
**Notes:** (**A**) *Runx2*, (**B**) *ALP*, (**C**) *OCN*, (**D**) *CAP*, (**E**) *CEMP*, (**F**) *LRP5*, and (**G**) *β-catenin*. The expression level of mRNA was normalized to *GAPDH*. \**P*\<0.05.\
**Abbreviations:** hPDLSC, human periodontal ligament derived stem cell; HA, hydroxyapatite; mnHA, micro-nano-hybrid surface; *Runx2*, runt-related transcription factor 2; *ALP*, alkaline phosphatase; *OCN*, osteocalcin; *CAP*, cementum attachment protein; *CEMP*, cementum protein; *LRP5*, lipoprotein receptor-related protein 5; *GAPDH*, glyceraldehyde-3-phosphate dehydrogenase.](ijn-10-7031Fig7){#f7-ijn-10-7031}

![The inhibition of Dkk1 on the osteogenic and cementogenic differentiation of hPDLSCs cultured on mnHA bioceramics.\
**Notes:** (**A**) The expression of osteogenic/cementogenic and Wnt signaling-related genes for hPDLSCs cultured on mnHA ceramics or with Wnt signaling pathway inhibitor Dkk1 treatment at day 7. The expression level of mRNA was normalized to GAPDH. \**P*\<0.05. (**B, C**) ALP staining for hPDLSCs was performed on mnHA bioceramics (**B**) or with Wnt signaling pathway inhibitor Dkk1 treatment (**C**) at day 7. The circular insets show ALP staining of the whole disks; and the magnification of **B** and **C** is 10.\
**Abbreviations:** Dkk1, dickkopf1; hPDLSC, human periodontal ligament derived stem cell; mnHA, micro-nano-hybrid surface; *Runx2*, runt-related transcription factor 2; *ALP*, alkaline phosphatase; *OCN*, osteocalcin; *CAP*, cementum attachment protein; *CEMP*, cementum protein; *LRP5*, lipoprotein receptor-related protein 5; *GAPDH*, glyceraldehyde-3-phosphate dehydrogenase.](ijn-10-7031Fig8){#f8-ijn-10-7031}

###### 

Specific primers used for real-time PCR

  Gene          Primer sequence                            Length (bp)
  ------------- ------------------------------------------ -------------
  *Runx2*       Reverse: 5′-TCTTAGAACAAATTCTGCCCTTT-3′     136
                Forward: 5′-TGCTTTGGTCTTGAAATCACA-3′       
  *ALP*         Reverse: 5′-TTGACCTCCTCGGAAGACACTC-3′      155
                Forward: 5′-CCATACAGGATGGCAGTGAAGG-3′      
  *OCN*         Reverse: 5′-GGCGCTACCTGTATCAATGGC-3′       208
                Forward: 5′-TGCCTGGAGAGGAGCAGAACT-3′       
  *CAP*         Reverse: 5′-GCGATGTCGTAGAAGGTGAGCC-3′      165
                Forward: 5′-CTGCGCGCTGCACATGG-3′           
  *CEMP*        Reverse: 5′-CCCTTAGGAAGTGGCTGTCCAG-3′      258
                Forward: 5′-GGGCACATCAAGCACTGACAG-3′       
  *LRP5*        Reverse: 5′-TGGATAGGGGTCTGAGTCCG-3′        244
                Forward: 5′-GTACCCGCCGATCCTGAAC-3′         
  *β-catenin*   Reverse: 5′-CCCTGCTCACGCAAAGGT-3′          68
                Forward: 5′-GCTACTGTTGGATTGATTCGAAATC-3′   
  *GAPDH*       Reverse: 5′-CCTGCACCACCAACTGCTTA-3′        246
                Forward: 5′-AGGCCATGCCAGTGAGCTT-3′         

**Abbreviations:** PCR, polymerase chain reaction; *Runx2*, runt-related transcription factor 2; *ALP*, alkaline phosphatase; *OCN*, osteocalcin; *CAP*, cementum attachment protein; *CEMP*, cementum protein; *LRP5*, lipoprotein receptor-related protein 5; *GAPDH*, glyceraldehyde-3-phosphate dehydrogenase.

[^1]: These authors contributed equally to this work
